We present experimental and theoretical differential cross sections for the elastic scattering of electrons from neon at four incident electron energies from 5 to 50 eV. The magnetic angle-changing device has been used to extend the present measurements from mid-angles to backward angles up to 180°. The results reveal some small differences between experiment and theory at backward angles in some cases; however, the agreement at 5 and 50 eV is excellent.
I. INTRODUCTION
There have been many experimental investigations of electron-neon scattering. Focusing on only those which are relevant to the present study, the results of Register and Trajmar ͓1͔ cover elastic differential cross sections ͑DCSs͒ for 11 incident electron energies from 5 to 100 eV and for scattering angles in the range of 10°-145°. Shi and Burrow ͓2͔ measured the DCS in the very low-energy region of 0.25-7.0 eV for scattering angles from 30°to 120°. Gulley et al. ͓3͔ also did measurements in the low-energy range from 0.1 to 7.0 eV and for angles up to 130°.
Zubek and co-workers ͓4͔ reported measurements that are more relevant to this experiment. They measured the elastic DCS for neon at the two electron energies of 5 and 7 eV from 130°to 180°using an angle-changing device, which is basically the same as the device we used in this experiment. However, their DCSs increased rapidly toward backward angles at both incident energies, a trend that was unexpected. Later, in 2006, the same group reported a new set of DCSs at 7, 10, and 15 eV for the backward angles ͓5͔. In this new result at 7 eV, the previous increase at backward angles was no longer observed, and, consequently, the puzzle was partially resolved. However, the puzzle at 5 eV still persists and this was, in part, a direct motivation for the present study.
On the theoretical side, there have also been many studies, the most successful of which are those of Fon and Berrington ͓6͔, McEachran and Stauffer ͓7͔, and Saha ͓8͔. An extensive review of all previous theoretical work on neon is provided in Ref. ͓5͔ .
In this paper, we present absolute measurements as well as theoretical calculations of the differential cross section for elastic scattering from neon at four incident electron energies from 5 to 50 V and for scattering angles from mid-angles ͑90°, 100°, or 120°͒ to 180°. This will be the final in a series of reports on the elastic DCSs of the rare gases, which have been published over the last several years ͓9-11͔.
II. EXPERIMENT
Since the experimental study is focused on measuring the DCS at backward angles up to 180°, where cross-section measurements are typically inaccessible due to the mechanical constraints of the electron spectrometer, a version of the magnetic angle-changing device developed by Read and Channing ͓12͔ has been used with a conventional electron spectrometer. The electron spectrometer used in the present experiment is described in detail elsewhere ͓13,14͔. Relative measurements of the angular distribution are placed on an absolute scale by the use of the relative flow technique, which relies on measurements of the ratio of scattered electron intensities for the gas of interest relative to that for a standard gas, in our case helium. In using this technique, the and 2.59ϫ 10 −8 cm, respectively ͓15͔. For the present angular differential measurements, we have used the recommended helium elastic differential cross sections of Boesten and Tanaka ͓16͔. The electron energy was calibrated with respect to the 19.37 eV resonance in He and with respect to the 2 ⌸ g resonance of N 2 . The experimental uncertainties in the present DCS measurements vary typically from 10% to 17%. Conservative estimates of the uncertainties in the integral ͑ICS͒ and momentum transfer cross sections ͑MTCS͒ are around 25%, but vary slightly depending on the uncertainties in the DCS.
III. THEORY
The theoretical approach used here is a relativistic extension of the previous nonrelativistic work on neon by
McEachran and Stauffer ͓7,17͔ which also includes, when appropriate, a relativistic and nonlocal ab initio absorption potential ͓18͔. The determination of this absorption potential is based upon a close-coupling ansatz in which the total wave function is expanded in terms of a summation and integration over products of scattering wave functions and atomic bound as well as continuum wave functions. In the elastic or ground state channel, all the potential and exchange terms are retained except for the exchange terms with the excited states. On the other hand, in the excited state channels, only the coupling potentials with the ground state are kept. In this manner, it is then possible to formally solve the differential equations for the scattering wave functions in the excited state channels in terms of complex Green's functions. These scattering wave functions are then substituted into the coupling potentials in the ground state channel to form a complex optical potential. The real part of this poten-FIG. 1. ͑Color online͒ Absolute differential cross section for elastic electron scattering from neon at ͑a͒ 5, ͑b͒ 10, ͑c͒ 20, and ͑d͒ 50 eV.
tial describes the polarization interaction while the imaginary part simulates inelastic absorption processes. The Dirac-Fock scattering equations for the ground state channel can then be solved for the scattering phase shifts.
In practice, it is often found that the real part of the optical potential does not adequately describe the polarization interaction ͓19,20͔. It is then better to replace the real part of the optical potential by a local polarization potential. We have followed this procedure here and used a dipole polarization potential which was scaled to yield the best experimental value for the dipole polarizability ␣ d = 2.6690 ͓21͔;
Although neon is a very light atom, the excited bound and continuum states of neon, which are used in this absorption potential, are best described in terms of intermediate coupling for which a relativistic j-j coupling scheme is the most appropriate approach. Thus, the bound excited state wave functions for neon were determined using the multiconfiguration Dirac-Fock code of Grant et al. ͓22͔ , while the continuum wave functions for neon were calculated in the field of the static potential of the appropriate ion.
At 5 and 10 eV there are no inelastic channels open and the phase shifts are real quantities. The cross sections can then be determined in the usual manner. However, at 20 and 50 eV, when absorption effects were included in the calculation, the phase shifts now become complex. The elastic and momentum transfer cross sections were then determined in terms of the real and imaginary parts of these phase shifts using Eqs. ͑11a͒ and 11͑b͒ of Ref. ͓23͔. In particular, at 20 eV there are only nine bound excited states of neon, having direct matrix elements with the ground state, which are open. In intermediate coupling notation, these bound states are 3s͓3 / 2͔ 1 , 3s͓1 / 2͔ 1 , 3p͓1 / 2͔ 0 , 3p͓1 / 2͔ 0 , 3p͓5 / 2͔ 2 , 3p͓3 / 2͔ 2 , 3p͓3 / 2͔ 2 , 4s͓3 / 2͔ 1 , and 4s͓1 / 2͔ 1 , and they were all incorporated in the formation of the absorption potential. However, at 50 eV all inelastic channels are open, with the continuum channels, which simulate ionization, being the most important. The absorption potential then included an additional six bound states, namely, 3d͓1 / 2͔ 1 , 3d͓3 / 2͔ 1 , 3d͓3 / 2͔ 1 , 3d͓7 / 2͔ 3 , 3d͓5 / 2͔ 3 , and 3d͓5 / 2͔ 3 as well as 25s , p , p , ... ,g, and ḡ continuum states. In order to check the convergence with respect to the number of bound and continuum wave functions in the absorption potential, the calculation at 50 eV was repeated without the six additional bound states and without the g and ḡ continuum waves. When this was done, the elastic cross section increased by only 0.03%.
IV. RESULTS AND DISCUSSION
In this study, we measured the absolute differential cross section for elastic scattering at 5, 10, 20, and 50 eV and for scattering angles ranging from either 90°, 100°, or 120°, depending on the positions of the DCS minima, to 180°. These data are presented in Table I and Fig. 1 . The experimental uncertainties on each measured point are indicated in the table as percentages. The reason for not measuring in the low-to mid-angular range is simply to cut the data acquisition time and to concentrate on the backward angle region in which we have the most interest. Furthermore, there are many experimental and theoretical data in these angular regions and they agree fairly well with each other. However, we choose the starting angles so that we include the DCS minima in the measurements.
The DCS result at 5 eV is of particular interest, since the results of Zubek and co-workers show a marked difference from our experimental and theoretical results at backward angles. As discussed in Sec. I, the 7 eV data reported by Zubek and co-workers in ͓4͔ showed a similar behavior, but their later result in 2006 ͓5͔ did not show any such increase at large angles. Therefore, judging from our present results at 5 eV and the later results of Zubek et al. at 7 eV, the increasing tail of Zubek et al. at 5 eV seems to be an artifact.
As noted above, there are no absorption effects for 5 and 10 eV, since these energies are below the first excitation threshold. For 20 and 50 eV, we show calculations both with and without the absorption effects included. For 10 and 20 eV, the present theoretical results deviate from the present experimental results to varying extents at angles near 180°. However, at 5 eV the agreement between experiment and theory is excellent, as well as at 50 eV when absorption effects are included. Also shown in Fig. 1 are the R-matrix calculations of Fon and Berrington ͓6͔ and the multiconfigu- given the extension of the present DCS results to 180°. In particular, our MTCS at 5 eV is in excellent agreement with the value of 2.070ϫ 10 −16 cm 2 for this cross section as determined from drift velocity measurements by Robertson ͓24͔. It should also be noted that the present theoretical values of the MTCS agree with those of Robertson from his highest measurement at 7 eV down to 0.5 eV within the stated experimental error of 3%.
V. CONCLUSIONS
Absolute differential cross sections for the elastic scattering of electrons from neon have been measured and calculated at energies of 5, 10, 20, and 50 eV over an extended angular range up to 180°. At 10 and 20 eV, all the present theoretical results deviate from the present experimental results to a small extent at some backward angles. At 5 eV, however, the agreement between experiment and theory is excellent, as well as at 50 eV when absorption effects are included. At the integral cross section level, the present results are in good agreement with previous experiment and theory.
